Many years of extensive studies of metazoan mitochondrial genomes have established differences in gene arrangements and genetic codes as valuable phylogenetic markers. Understanding the underlying mechanisms of replication, transcription and the role of the control regions which cause e.g. different gene orders is important to assess the phylogenetic signal of such events. This review summarises and discusses, for the Metazoa, the general aspects of mitochondrial transcription and replication with respect to control regions as well as several proposed models of gene rearrangements. As whole genome sequencing projects accumulate, more and more observations about mitochondrial gene transfer to the nucleus are reported. Thus occurrence and phylogenetic aspects concerning nuclear mitochondrial-like sequences (NUMTS) is another aspect of this review.
Introduction
Mitochondria are organelles with their own genetic material that are present in nearly all eukaryotic cells. In addition to the production of most of a cell's supply of ATP they are involved in many other key processes, such as the control of the cell cycle and cell growth (McBride et al., 2006) . They share many features with prokaryotes and are commonly thought to have originated as endosymbionts in the ancestral eukaryote. A recent phylogenomic study suggests a common origin of mitochondria and the SAR11 clade of Alphaproteobacteria as a sister group to the Rickettsiales (Thrash et al., 2011) .
Compared to the mitochondria found in other eukaryotic kingdoms, metazoan mitochondria are massively reduced in their genetic structure. A typical metazoan mitogenome consists of a single circular DNA that carries 13 intron-less protein coding genes, the two subunits of the mitochondrial ribosomal RNA, and 22 tRNAs, one for each amino acid except leucine and serine, which have two copies each. Almost their complete proteome, much of which is of prokaryotic origin, is imported from the nucleus (Chacinska et al., 2009; Huynen, 2010) . The expression of the few proteins encoded on the mitochondrial DNA (mtDNA) uses its own translation system and often employs lineage-specific variations of the genetic code. The mtDNA is not organised in nucleosomal bodies but instead associated with the mitochondrial inner membrane and several proteins including mitochondrial transcription factor A (mtTFA) and mitochondrial single-stranded DNA binding protein (mtSSB) (Bogenhagen et al., 2003) . The inheritance of mtDNA is strictly maternal, with the single known exception of the doubly uniparental inheritance in unionid mussels .
In metazoan animals, the analysis of mitochondrial genomes with respect to size, genome architecture, gene content/arrangement, exon/intron structure, genetic code and secondary structure of rRNA and tRNA genes has been a powerful tool to infer phylogenetic relationships at different taxonomic levels (Boore, 2006) . Furthermore, mitochondrial protein coding sequence data harbour valuable phylogenetic signal to further clarify uncertain relationships within and between phyla (Bourlat et al., 2008; Zardoya and Meyer, 1996) . This review is organised as follows: We first provide an overview of the general properties of mitochondrial genomes with a focus on the aberrant structures and the variations of the genetic code in metazoan phyla. In addition we address nuclear copies of mitochondrial DNA (NUMTS). Section 3 is concerned with topics related to replication of mitochondrial genomes, such as strand biases, a review of the models of replication itself, mutation and repair, and mechanisms of genome rearrangements. Transcription of mitogenomes is treated in the last part of the paper.
Genomics

Genome organisation
A typical metazoan mitogenome encodes 13 proteins that belong to four enzyme complexes of the respiration chain: cytochrome b (cob), two subunits of ATP synthase (atp6,8), three subunits of cytochrome c oxidase (cox1-3), and seven subunits of NADH dehydrogenase (nad1-6, 4L), see Fig. 1 . The mitogenome furthermore contains the small and large (rrnS, rrnL) RNA subunits of the mitochondrial ribosomes. These rRNAs are clearly of prokaryotic origin. A comprehensive review of gene content and genome organisation of animal mitochondria can be found in Gissi et al., 2008. Typically, 22 tRNAs are encoded on the mtDNA. With the exception of serine and leucine, there is only a single tRNA for each amino acid. In many cases one or more mitochondrial tRNAs are missing and functionally replaced by nuclear tRNAs (Alfonzo and Söll, 2009) . A peculiar feature are overlapping tRNAs, as in the case of tRNA-Trp and tRNA-Cys in Arthropoda (Satta et al., 1987) . Mitochondrial tRNAs, in contrast to tRNAs in other genetic systems, do not necessarily fold into the famous clover-leaf structure, although more than 90% of the known cases conform to the standard. Bizarre structures have evolved independently in many metazoan clades. The most frequent aberration is the lack of conserved D-arms (DHU-arm) and/or T-arms (TWC-arm). In most Bilateria, tRNA-Ser (AGN) lacks the D-arm. The corresponding deletion in tRNA-Ser (UCN) is prevalent among protostomes. In diverse taxa scattered throughout the Bilateria (e.g. Mammalia, Amphibia, and many Ecdysozoa) furthermore, one finds tRNAs-Cys without D-arm. A well known example for a systematic reduction of mt-tRNAs are Nematoda (Wolstenholme et al., 1994) . With the exception of the two serine tRNAs, here the T-arm is deleted in all other tRNAs. Even the deletion of both the T-and the D-arm are not uncommon in particular in Enoplea . In Onychophora elaborate editing is capable of repairing large tRNA fragments (Segovia et al., 2011) . Aberrant tRNAs structures have been collected and studied systematically as part of a recent effort to re-annotate mitochondrial tRNAs (Jühling et al., 2012a) . Like their nuclear counterparts, mt-tRNAs are chemically modified. In some cases the modifications are necessary to ensure correct folding (Helm, 2006) . A 5-taurinomethyluridine found in Halocynthia roretzi at the anticodon wobble positions of tRNA-Met (AUR), tRNA-Trp (UGR), and tRNA-Gly (AGR) appears to be responsible for the deciphering of the non-universal codes in ascidians.
Only a small fraction of most metazoan mitogenomes does not code for one of the proteins, rRNAs, or tRNAs. In contrast, the mitochondrial genomes of most other Eukarya are much larger and significantly differ in their gene content. While the gene content is extremely well conserved in animals, there are major differences among Metazoa in the arrangements of the few elements that Fig. 1 . Representation of the human mitogenome which has the gene complement typical for metazoan mitogenomes; image generated with mtviz http:// pacosy.informatik.uni-leipzig.de/mtviz/. The coding strand is indicated by think line; abbreviations are as in the text and for tRNAs the one letter code of the corresponding amino acid is given; for the leucine and serine tRNAs the recognised codon is indicated. The inset sketches the organisation of the control region. The three conserved sequence blocks (CSBs) are marked I, II, and III. The primer for H-strand replication and the two H-strand transcripts are indicated. regulate replication and transcription. In chordates, the most prominent non-coding region is the ''displacement loop '' (D-loop) . It harbours almost all of the regulatory sequences for replication and transcription, see the inset in Fig. 1 . A second non-coding region of only 30nt located inside a tRNA cluster harbours the origin of replication for the L-strand in vertebrates (Fernández-Silva et al., 2003) . Arthropods, and possibly also nematodes, have a single large AT-rich non-coding region which contains the replication origins for both strands (Zhang and Hewitt, 1997; Saito et al., 2005) . In many of the major metazoan clades little or nothing is known about the mitochondrial control structures. Mollusca may serve as an example. In Pulmonata, several small non-coding regions with poor conservation have been reported (Yamazaki et al., 1997) , while Cephalopoda have large ''unassigned regions'' that in part contain repetitive sequences (Boore, 2006) . Gastropod mitogenomes, on the other hand have several usually small non-coding regions that are AT-rich and contain clover-leaf like structures. One or more of them have been suggested as replication origins (Grande et al., 2008 (Grande et al., , 2009 ).
Aberrant genome structures
Deviations from the typical organisation are relatively rare and appear to be restricted to individual clades. In most cases, there are missing or additional genes, most frequently a loss of tRNA genes. In diploblasts, the deletion of many or even most tRNAs is a common phenomenon (Haen et al., 2010; Wang and Lavrov, 2008) . Among protostomes, in particular Rotifera (Suga et al., 2008) and Onychophora (Braband et al., 2010) are affected. Marsupials are well known to have lost mt-tRNA-Lys (Dörner et al., 2001 ). For a recent comprehensive overview of tRNA losses we refer to (Jühling et al., 2012a) , see also (Gissi et al., 2008) . The protein coding gene that is missing most often is atp8. It is absent e.g. in many Nematoda and some Mollusca (Boore, 1999) . According to both published annotations, surveyed e.g. in (Gissi et al., 2008) , and the re-annotation of the animal genomes with MITOS (Bernt et al., 2012b , in this special issue), atp8 is lost in scattered cases throughout all major metazoan clades. These data show that the loss in Nematoda is not as wide-spread as previously thought and highlight Platyhelminthes as another hot spot for the loss of atp8. Due to the short and rapidly evolving sequence of atp8 it remains uncertain, however, which of these cases are failures to detect the gene and which are true gene losses. In octocoral mitogenomes an additional msh1 gene is found (McFadden et al., 2006, and references therein) . It has recently been identified as a compelling candidate for horizontal gene transfer and appears to have a function in DNA repair (Bilewitch and Degnan, 2011) .
In some cases, however, the genome structures are dramatically different, see Table 1 . The mitogenome of the human body louse Pediculus humanus, for instance has disintegrated into 18 mini chromosomes with a size of 3-4 kb each containing 1-3 genes. Other sucking lice (but neither chewing lice nor Psocoptera) have a similar genome structure (Shao et al., 2009; Cameron et al., 2011) . There is unequivocal evidence for recombination between different mini chromosomes, although the mechanism remains unknown (Shao and Barker, 2011) . Multipartite mitogenomes have also been reported for the isopod Armadillidium vulgare (Raimond et al., 1999) , the rotifer Brachionus plicatilis (Suga et al., 2008) and the nematode Globodera pallida (Armstrong et al., 2000) . In the latter, the gene content between chromosomes is partially redundant and contains repetitive sequences that have been speculated to play a role in replication (Armstrong et al., 2000) . Medusozoa (Cnidaria excluding Anthozoa) feature linear chromosomes that are split into two or more different molecules (Voigt et al., 2008; Kayal et al., 2012) . At least in mammals, different topological organisations of the mitogenomic DNA have been reported. Besides the usual, circular DNA also linear molecules and a variety of concatenated forms are present in varying amounts (see , and references therein). Data for a comparative analysis of phenomenon within Metazoa seem to be absent.
Unionid mussels form an exception from the otherwise strict maternal inheritance of mitochondria. The doubly uniparental inheritance (DUI) found in all dioecious freshwater mussel species lead to highly differentiated mitogenomes between the two sexes Doucet-Beaupré et al., 2010) . The female form has an extra protein coding gene called the F-ORF, while the male form shows some rearrangements of the gene order and features a unique 3'coding extension of the cox2 subunit.
In the metazoan key phylum Placozoa (Schierwater, 2005 ) the mitochondrial genomes display several ancestral metazoan features (Dellaporta et al., 2006; Signorovitch et al., 2007) . The extended genome size of up to 43 kb, the presence of introns, large intergenic regions and several ORFs of unknown function are shared characteristics with known metazoan outgroups like choanoflagellates such as Monosiga brevicollis (Burger et al., 2003) and therefore highlight a basal position of Placozoa at the root of the Metazoa. An unorthodox, fragmented cox1 gene is assembled by trans-splicing involving split group I introns and requires Uto-C editing (Burger et al., 2009 ). While such features are not uncommon in other eukaryotic kingdoms, they are highly exceptional among Metazoa.
In sponges (Phylum Porifera), large-scale mitochondrial genome sequencing has given important insights into phylogenetic relationships in Demospongiae (Wang and Lavrov, 2008) and Homoscleromorpha (Gazave et al., 2010) and highlighted the value of mitochondrial data for phylogenetic inferences. With a size of up to 29 kb (Lavrov, 2010 ) the largest sponge mitochondrial genome is smaller than the smallest placozoan mitogenome, displaying the general metazoan tendency for mitogenome size reduction due to lower proportions of non-coding regions. On the other hand, they feature unique non-coding repetitive sequences capable of forming hairpin structures (Erpenbeck et al., 2009) .
In cnidarians the mitochondrial genome architecture is another and unique character to understand the evolution of mitogenomes within this phylum. Only the basal Anthozoa harbour circular mitochondrial genomes with a size of up to 21 kb (Medina et al., 2006) , while the other cnidarian classes display linear chromosomes. In Hydrozoa and Cubozoa they are in addition fragmented into several pieces (Voigt et al., 2008; Kayal et al., 2012) . The largest number so far, eight chromosomes, has been found in the cubozoan Alatina moseri. Inverted repeat sequences form the telomeres Vallès et al. (2008) in these genomes, which may have originated from transposons or plasmids (Nosek and Tomáška, 2003) . In combination with the tendency to reduce the number of encoded tRNA genes the linear mitogenome architecture underlines the derived status of medusozoan mitogenomes (Ender and Schierwater, 2003) . Several cnidarian mitogenomes harbour group I introns in their nad5 and cox1 genes (Beagley et al., 1996; Fukami et al., 2007) . Homing endonucleases have been reported in the group I introns found in Cnidaria as well as Porifera (Rot et al., 2006; Goddard et al., 2006) . They are thought to play a role in the mobility and origin of these introns, which apparently arose by horizontal transfer from fungi (see e.g. Szitenberg et al., 2010) . A single case of group II introns was reported for the cox1 gene in the mitogenomes of an annelid worm (Vallès et al., 2008) .
The probably most derived mitogenomes within basal metazoan phyla are found in the Ctenophora. With a size of around 11 kb they are among the smallest animal mitogenomes. Like in cnidarians, ctenophoran mitogenomes have substantially reduced or even completely lost their mitochondrial encoded tRNA genes. The rRNAs as well as the protein coding sequences are highly derived in the Ctenophora, often leading to extremely long branches in phylogenetic analyses Kohn et al., 2011) .
Several instances of +1 frameshifts have been reported. For instance, a frameshift in the nad3 gene is conserved in the sauropsid mitogenomes (Mindell et al., 1998; Russell and Beckenbach, 2008 ). Another well-described case is the cob gene in the ant genus Polyrhachis (Beckenbach et al., 2005) and in oysters (Milbury and Gaffney, 2005) .
Genetic codes
Several codons do not have their standard meaning in some or all animal mitochondria. Interestingly, the variations concern only codons for which the first two positions do not determine the amino acid, and codons with a purine at the third position have been reassigned, see Table 2 .
The reassignment of codon appears to be intimately linked to the chemical modifications of the tRNAs (Santos et al., 2004) . Indeed, most (and maybe all) tRNAs that decode the known non-universal codons in animal mitochondria are chemically modified, usually in their anticodon wobble position. Evolutionary scenarios that link the emergence of code variations and changes in tRNA modifications are reviewed in (Watanabe and Yokobori, 2011) , see also (Abascal et al., 2012) .
NUMTs: nuclear copies of mitochondrial DNA
The exchange of DNA between the nucleus and mitochondria (as well as chloroplasts) is a common phenomenon throughout the eukaryotes. Repair of double-stranded breaks by non-homologous end-joining allows the inclusion of organellar DNA. Early in evolution this has led to the transfer of a large fraction of the mitogenomic information to the nuclear genome. The products of many of these genes are now re-imported while other genes of mitochondrial origin have acquired novel functions elsewhere (Kleine et al., 2009 ). Recent nuclear inserts of mitochondrial sequences, which occur at surprisingly high rate probably limited by the rates of double strand breaks (Hazkani-Covo et al., 2010) , however, give rise to non-coding and typically non-functional sequences. Nevertheless, a few NUMTs have been identified as the cause of genetic diseases (Chen et al., 2005) . A recent example shows that they might also be a source of new spliceosomal introns (Curtis and Archibald, 2010) . NUMTs can form a noticeable fraction of the nuclear genome: In the human genome at least 400 kb (Hazkani-Covo and Graur, 2007) , in Nasonia 43 kb and in Apis over 230 kb of the nuclear DNA consists of NUMTs. In contrast, some genomes such as that of Drosophila melanogaster are nearly devoid of mitochondrial DNA (Viljakainen et al., 2010) .
From a phylogenetic point of view, NUMTs are primarily an annoyance. In PCR-based approaches, unrecognised divergent NUMTs can introduce noise and unrecognised biases. In the DNA barcoding approaches, furthermore, they cause a systematic overestimate of the number of species (Song et al., 2008) . Box 1 in (Hazkani-Covo et al., 2010) discusses in some detail artefactual results associated with unrecognised NUMTs. Nevertheless current genome annotations do not routinely provide NUMT data tracks. On the other hand, NUMTs have also been suggested as an interesting tool in primate phylogeny (Hazkani-Covo, 2009 ).
Replication
Strand biases
The two strands of mammalian mitochondrial genome have been found to differ in their nucleotide composition in an asymmetric manner. While one strand is rich in G the other is G poor. Since this difference is physically measurable (Anderson et al., 1981) the G rich strand is also termed heavy strand (H-strand) and the other light strand (L-strand). In particular one strand of mammalian mitogenomes has been reported to be GT rich (Reyes et al., 1998) . In contrast (both strands) of the mitogenomes of Arthropoda are AT rich (Crease, 1999) . But still the asymmetry favouring GT on one strand and AC on the other can be clearly observed in the 3rd codon position of protein coding sequences of most metazoan mitogenomes, in particular for fourfold degenerate sites. For several species, e.g. Branchiostoma (Cephalochordata), Florometra (Echinodermata), Katharina (Mollusca), and several Arthropod taxa (e.g. Tigriopus, Argiope, and Euscorpius), mitogenomes have opposite values (Hassanin et al., 2005; Wei et al., 2010) .
The cause of the asymmetry is accounted to an asymmetric mutation process favouring transitions over transversions (Hassanin et al., 2005; Brown and Simpson, 1982) . The likely source of this are hydrolytic deaminations of A and C (leading to A ? G and C ? T mutations) on the H-strand which is prone to mutations when it is single stranded which happens during replication as well as during transcription, but to a lesser extent. This is consistent with the correlations found between the nucleotide frequencies as well as with the substitution rates and the time spent in a single stranded conformation during replication as measured by the distances to origin of the light strand O L (see Reyes et al., 1998; Krishnan et al., 2004) . For some species a reversed bias in the nucleotide composition is observed, which might be caused by an inversion of the control region (Hassanin et Since nucleotide composition is related to amino acid composition (Min and Hickey, 2007) it has to be regarded in comparative analyses of amino acid sequences , in this special issue).
Model(s) of replication
The mtDNA is synthesised solely by DNA polymerase c (Bolden et al., 1977) . So far, three additional accessory factors are known to be involved in mtDNA synthesis. A single-stranded DNA-binding protein (mtSSB) has been reported (Tiranti et al., 1993) , which is thought to bind to the single stranded parental H-strand to protect it. Furthermore mtDNA helicase activity has been reported for both vertebrates (bovine brain) (Hehman and Hauswirth, 1992) and invertebrates (sea urchin) (Roberti et al., 1996) , and topoisomerases responsible for relaxing (type I) and introducing (type II) supercoils are involved in mtDNA replication (Kosovsky and Soslau, 1993; Castora and Simpson, 1979) .
The most widely accepted ''orthodox'' hypothesis explaining the mode of mtDNA replication is the so called strand displacement model (Robberson et al., 1972; Goddard and Wolstenholme, 1980; Clayton, 1982) , see Fig. 2 . We can give here only a brief outline and refer to the reviews by Shadel and Clayton (1997) and Taanman (1999) for much more detailed description of the replication process.
Primers for mtDNA H-strand replication are generated by the same process starting light strand transcription at the light strand promoter (LSP) (Chang et al., 1985) (see further Section 4). Whether light strand transcription is initiated or an RNA-DNA hybrid, called R-loop, is formed, is determined within the region of the heavy strand origin (O H ), i.e. the part of the D-Loop region that harbours three conserved sequence blocks (CSB) (Walberg and Clayton, 1981) . The RNA in the R-loop is further processed by RNase MRP which yields the primers for mtDNA H-strand replication. The H-strand synthesis is then started by the elongation of the RNA primer by DNA Polymerase c. Most DNA H-strand replication processes are terminated immediately after initiation at a location harbouring one or more short ( 15 nt) termination associated sequences (TASs) and produce a stable triple stranded DNA-DNA hybrid called the D-loop structure. Alternatively, the H-strand replication proceeds unidirectionally from the short stretch of displaced mtDNA across the D-loop until it reaches the light-strand origin O L . At this short (30nt) non-coding region (which in Mammalia is located within a cluster of tRNAs), the displacement of the H-strand is thought to trigger the formation of a stem-loop structure (Martens and Clayton, 1979) . This structure seems to be involved in the recognition by a DNA primase (Wong and Clayton, 1986 ) initiating L-strand replication. Since the stem loop structure is not universally present also the structural elements of the surrounding tRNAs might be involved in this process (Shadel and Clayton, 1997 ). L-strand replication then proceeds in the direction opposite of the direction of H-strand replication. The replication of both strands continues until the replication of the H-strand terminates and the two molecules are segregated. The remaining, so far unsynthesised part between O H and O L of the L-strand is finished after the segregation. Due to the delayed start of the L-strand replication the parental H-strand becomes single stranded with the advancing H-strand replication until the L-strand replication renders it double stranded again. The time which a position on the H-strand is single stranded depends on the distance to the origins as well as the speed of L-and H-strand replication. While in the mitogenomes of Mammalia the O L is reported approximately 2/3 of the genome length after the O H , this is even more extreme in insects, where it is located 97% after the O H (see Saito et al., 2005) . Replication of insect mtDNA is extremely asymmetric. Since the structure of the control region in mammals/chordates (Sbisá et al., 1997; Saccone et al., 1991) and insects (Saito et al., 2005; Zhang and Hewitt, 1997 ) is very different it is unclear at present whether the same mechanisms are responsible for initiation and termination of replication throughout the Metazoa.
As an alternative to the strand displacement model, a coupled mode of leading and lagging strand replication, called strand-coupled model, is discussed in the literature (Holt et al., 2000; Yang et al., 2002) . Contrary to the orthodox model it is assumed that a replication bubble originates preferentially from an interval located near O H spanning approximately one quarter of the mitogenome (Bowmaker et al., 2003; Reyes et al., 2005) . In this model stretches of RNA/ribonucleotides are unevenly incorporated mainly in the daughter L-strand (see also . It has been argued that different analysis methods may degrade these stretches resulting in replication intermediates with single stranded DNA that gave rise to the strand displacement model. Most recently, the possibility of bidirectional replication and multiple replication origins scattered throughout the mitogenome have been discussed for the strand-coupled model of replication (Bowmaker et al., 2003; Reyes et al., 2005) . It is still unsolved whether there are two different replication mechanisms generating the different kinds of observed replication intermediates, if the replication mechanisms are employed in a tissue specific manner, or if one of the two models is wrong. For critical discussions of these issues see e.g. Clayton (2003) ; Fish et al. (2004) ; Brown et al. (2005) ; .
Not much is known about the replication of the mitogenomes with a non-circular chromosome organisation, see Section 2.2. In the case of Globodera it has been suggested that repetitive sequences present on each of the mini circles play a role in replication (Armstrong et al., 2000) . In analogy to fungal mtDNA, individual circular chromosomes might replicate independently (Armstrong et al., 2000) . The replication mechanism of the linear mitogenomes of Cnidarians remains unknown at present. Putative genomic regions involved in replication have been identified for Hydra, although several plausible mechanisms known for other genetic systems have been ruled out for this species (Voigt et al., 2008) , see also (Kayal et al., 2012) . It seems to be promising to evaluate alternative mechanisms for mitogenome replication known for non-metazoans with linear or multipartite mitogenomes (see e.g. Bendich, 2010 , for some recent progress).
Mutation and repair
With a few exceptions such as Octocoralia (McFadden et al., 2006) , metazoan mitogenomes are subject to strong mutational pressures (Brown et al., 1979) that are associated with an inaccurate DNA repair system compared to nuclear DNA (Bogenhagen, 1999; Gredilla, 2011) , the lack of protective chromosome-associated proteins, and the replication mechanisms outlined above that expose single-stranded intermediates. In addition, mitochondrial DNA is subject to high levels of oxidative damage (Harman, 1972) . In conjunction with relatively small population sizes and the virtual absence of recombination one would predict that mtDNA is subject to Muller's Ratchet (Muller, 1964) , i.e. a gradual accumulation of deleterious mutations and eventually complete loss of function. The strength of this effect depends on population size. Indeed, an increased number of amino acid substitutions has been reported from large mammals, which tend to have small populations (Popadin et al., 2007) . Overall, however, the function of mitochondrial proteins is preserved by very strong selection, reviewed in detail in (Castellana et al., 2011) .
Positive selection has been reported in particular for vertebrates and to an even larger extent for insect mitogenomes (Bazin et al., 2006) . These findings have cast doubt on the usefulness of mtDNA as a means for estimating effective population sizes (see e.g. Meiklejohn et al., 2007) .
Genome rearrangements
The arrangement of genes on the mitogenome shows a very high degree of variation across the Metazoa. A comparison of closely related species with different gene orders suggests that there are several types of ''elementary'' rearrangement events, see Fig. 3: inversions (e.g. Asakawa et al., 1995) , transpositions (e.g. Macey et al., 1997) , inverse transpositions (e.g. Boore et al., 1998 ) (i.e. a transposition in which the re-inserted fragment is inverted), and tandem duplications followed by the random loss of one of the copied genes (Boore, 2000) (TDRL). Variants of the latter (Mueller and Boore, 2005) as well as tandem duplications in which the subsequent loss is not randomly distributed among the copies (Lavrov et al., 2002) have been discussed. Additionally changes in the gene content, i.e. deletions (Lavrov and Brown, 2001) or duplications (Zhong et al., 2008) and changes in chromosome organisation (see Section 2.2) have been reported for metazoan mitogenomes. Rearrangements can reveal unexpected high-level clades such as the subdivision of placozoan lineages in two different groups that probably represent higher taxonomic units (Eitel and Schierwater, 2010) .
It is not entirely clear at present whether the rearrangement types deduced from a comparative analysis of mitogenomes correspond to distinct specific molecular mechanisms. For instance transpositions and non-tandem duplication random loss events can be interpreted as special cases of the TDRL model. It is also unresolved whether inverse transpositions are truly elementary operations or the composite of two subsequent steps. Conversely, several different molecular mechanisms might be at work to produce the same observable rearrangement event.
A variety of possible mechanisms causing duplications have been discussed in the literature (Boore, 2000) , several of which are related to the replication process, such as slipped strand mispairing during replication (Broughton and Dowling, 1997) , imprecise termination (Mueller and Boore, 2005 ) (where too early termination results in a deletion and too late in a duplication event), and other enzymatic errors causing e.g. erroneous identification of the origin of light-strand replication (Macey et al., 1997) . In a study of recent duplications in geckos, slipped-strand mispairing was favoured (Fujita et al., 2007) . Another potential route to TDRLs is the head-to-head or head-to-tail dimerisation of linearised monomeric mitogenomes (Lavrov et al., 2002) . The head-tohead configuration would result in an inverted duplicate. Note that any mechanism that can result in a whole genome duplication, e.g. imprecise termination, might also account for head-to-tail dimerisation.
Illegitimate recombination may also cause changes in gene order. It provides a plausible explanation in particular for non-tandem duplicated segments (Mueller and Boore, 2005) . Certain features of the mitogenomic sequence, such as small direct repeats (Macey et al., 1997) , have been proposed to evoke rearrangements. Duplications might occur due to the formation of stem loop structures which are involved in replication (e.g. at the O L ), or during the maturation of transcripts, see Section 4.
As an alternative to (tandem) duplication (non)-random loss, transpositions could also be caused by a separate mechanism akin to the propagation of transposable elements (Calos and Miller, 1980; Macey et al., 1997) .
Irrespective of the duplication mechanism random loss can easily be explained by the accumulation of deleterious mutations in one of the copies of duplicated genes. Selection pressure on the size of the mitogenomic DNA will then rapidly remove the non-functional pseudogene. Remnants of such processes have been detected for instance as non-coding regions at positions where the deleted genes would be expected (Arndt and Smith, 1998) or as pseudogenes (Macey et al., 1997) . Recently a large scale study on tRNAs provided numerous examples of pseudogenisation supporting duplication and inverse duplication based mechanisms (Jühling et al., 2012a) . The presence of multiple functional copies after a duplication can facilitate tRNA recruitment, i.e. the change of the identity of a tRNA due to point mutations in the anticodon. Several recruitment events affecting the mitochondrial leucine tRNAs have been reconstructed for the metazoan evolution (Higgs et al., 2003; Rawlings et al., 2003) . Within the demosponges this phenomenon seems to be particularly frequent (Lavrov and Lang, 2005; Wang and Lavrov, 2011) . This is phenomenon may lead to apparent rearrangements when tRNA identity and homology are used synonymously. This effect should be taken into account in the context of annotation (e.g. Dowton and Austin, 1999) .
Inversions may be the result of intra-mitochondrial recombination (Dowton and Campbell, 2001; Lunt and Hyman, 1997) . This mechanism may also lead to the formation of mini-circles (Dowton and Austin, 1999) and might also account for the heterogeneous gene contents observed in some clades, see Section 2.2. The mechanisms discussed above that can generate inverted duplicated segments, i.e. illegitimate recombination and head-to-head dimerisation, can be regarded as special cases producing apparent inversions of gene order.
Rearrangements often involve the replication origins (e.g. San Mauro et al., 2006) , but also other hot spots of rearrangements have been described in the literature (Dowton and Austin, 1999) . Based on the sparse species sampling available in early studies of mitogenomic rearrangements, tRNAs have been found to be involved more frequently in rearrangements than proteins and rRNAs (Wolstenholme, 1992; Macey et al., 1997) . With the availability of a better species sampling and improved automatic methods for the comparison of mitochondrial gene orders (reviewed in Bernt et al., 2012a , in this special issue) large scale analyses on the properties of gene order evolution of mitogenomes have become possible. Case studies such as the manual analysis of Hymenoptera (Dowton et al., 2009 ) and two computational analyses of metazoan gene orders (Miklós and Hein, 2005; Bernt and Middendorf, 2011) confirm the conclusions of earlier studies and provide a more detailed quantitative picture of mitogenome rearrangements.
Less than 30% of the hymenopteran rearrangements are inversions, the majority being transpositions (Dowton et al., 2009 ). The 1:2 ratio of inversions to transpositions reported in (Miklós and Hein, 2005) may be due to the inclusion of the Deuterostomia or due to multiple counting of the same unique rearrangement. The extensive data set in (Bernt and Middendorf, 2011) allowed the most detailed analysis published so far. Slightly more than half of the reconstructed rearrangements have been found in non-chordates, but a considerable number of non-chordate rearrangements could not be reconstructed due to highly diverged gene orders. The detailed analysis of the reconstructed rearrangements in Protostomia in (Bernt and Middendorf, 2011) has shown 20% inversions, more that 55% transposition, and more that 10% each of inverse transpositions and TDRLs, respectively. Similar rearrangement frequencies have been observed in the reconstructed rearrangements of Metazoa. More that 3/4 of the rearrangements affect only tRNAs. In the vast majority of these cases, only a single tRNA is affected.
It is important to note that rearrangement rates are not only unevenly distributed within the genome, where clear hot spots can be identified, but also taxonomically non-uniform. While for some taxa, such as Chordata, only a few, similar gene orders are known, a different gene order is found for virtually every sequenced mitogenome in other clades. Multiple recent duplications have been described for some geckos (Fujita et al., 2007) . The heavily rearranged gene orders of Ascidia form another counterexample to the generally preserved gene order of deuterostomes (Gissi et al., 2010 ).
Increased rearrangement rates were reported also for some insects (Shao et al., 2001 ) and within Mollusca (Grande et al., 2008) . Genome rearrangement rates and nucleotide substitution frequency are correlated (Shao et al., 2003; Xu et al., 2006) . It is unclear at present, which one is cause and which one is effect. Parasitic life styles seems to have an accelerating effect on the mutation rates (Castro et al., 2002) .
Transcriptome
The mitochondrial genome is transcribed by a specialised machinery using the monomeric RNA polymerase POLRMT and specific mitochondrial transcription factors (mtTFA and the paralogous proteins mtTFB1 and mtTFB2). Interestingly, POLRMT also exhibits promoter-independent activity dependent on DNA supercoiling (Fukuoh et al., 2009) . For reviews of the protein machinery involved in regulating mitochondrial gene expression we refer to Gagliardi et al. (2004) ; Shutt and Shadel (2010) .
The primary transcripts are polycistronic precursors. Nuclear regulatory factors influence transcription levels both at the stage of initiation and termination (Asin-Cayuela and Gustafsson, 2007; Scarpulla, 2008) . In mammals, the two alternative heavy strand promoters as well as the light strand promoter are located in the D-loop, reviewed e.g. by Asin-Cayuela and Gustafsson (2007) and Scarpulla (2008) . They give rise to three primary transcripts. The HSP2 promoter within the tRNA-Phe generates a large transcript that terminates at the distal so-called D-TERM locus, containing a conserved A/T rich sequence motive immediately upstream of the tRNA-Phe gene (Camasamudram et al., 2003) . The more abundant, shorter transcript starts at the HSP1 promoter upstream of the tRNA-Phe and encodes the two rRNAs and two tRNAs. It ends at proximal, so-called mt-TERM signal beyond the rrnL rRNA gene within the adjacent tRNA-Leu gene (Christianson and Clayton, 1986) . Sequence box II, located in the D-loop, acts as a sequencedependent termination element for transcription originating from the light strand promoter (Pham et al., 2006) . This situation appears to be largely conserved throughout the vertebrates (Coucheron et al., 2011) . The box II sequence itself is conserved at least throughout the mammals (Sbisá et al., 1997) . In Drosophila, RNA synthesis starts at two promoters on the heavy (H) strand and three on the light (L) strand, largely matching the alternating blocks of genes located on heavy and light strand, respectively (Berthier et al., 1986; Torres et al., 2009) . Large-scale rearrangements of gene order thus should be expected to affect also the structure of the mitochondrial transcriptome.
The primary transcripts are processed into mature rRNA and mRNA by cleavage of the 5 0 and 3 0 termini of the mitochondrial tRNAs. This processing, which is known as the RNA punctuation model (Ojala et al., 1980) , is mediated by RNase P and tRNase Z endonucleases, respectively (Levinger et al., 2004) . When multiple tRNA genes are present, as between nad3 and nad5 in Drosophila, they are removed sequentially from the 3 0 end (Stewart and Beckenbach, 2009 ). In both vertebrates and Drosophila, all mature mitochondrial mRNAs are monocistronic except the two bicistronic nad4/nad4L and atp8/atp6 messages. Although atp6 and atp8 are found in adjacent positions in more than 90% of the sequenced mitogenomes, and in particular in nearly all Chordata and Arthropoda, there are many exceptions, in particular in Mollusca, Cnidaria, Nematoda, and Platyhelminthes. The mRNAs are typically polyadenylated (Bobrowicz et al., 2008) , although nonpoly (A) mRNAs are also detectable ). An interesting feature of mitochondrial mRNAs is that many of the stop codons are complete only by polyadenylation (7 in human, 6 in cod, and at least 4 in fruit fly) so that they completely lack 3'UTRs (Nagaike et al., 2005; Stewart and Beckenbach, 2009 ). This appears to be a very frequent phenomenon without a distinctive phylogenetic distribution according to the RefSeq annotation.
cox1 features a 3'UTR complementary to the adjacent tRNA-Ser, and some mRNAs have heterogeneous 3'UTRs depending on the cell type (Temperley et al., 2010) . This situation is conserved with minor differences at least among vertebrates (Coucheron et al., 2011) . 5'UTRs are absent in general. Deep sequencing has been used already to generate detailed maps of transcript ends and processing sites (Lopez Sanchez et al., 2011; Brzezniak et al., 2011) . Results demonstrated that mRNA abundance is heavily regulated by post-transcriptional processes (Torres et al., 2009; Mercer et al., 2011) and established the presence of non-canonical processing products. These appear to be linked in particular to the secondary structure of the tRNAs since non-canonical processing sites are associated with clusters of RNA secondary structures within the mRNAs .
Mitochondrial rRNAs are also polyadenylated or at least feature a few non-encoded adenosines -as in the case of the rrnS of Drosophila (Stewart and Beckenbach, 2009 ). Like bacterial rRNAs, they are modified by both methylation and pseudouridylation at highly conserved positions (Ofengand and Bakin, 1997) . All mitochondrial tRNAs require the addition of CCA to their 3' terminus by the mitochondrial tRNA-nucleotidyl transferase (Nagaike et al., 2001 ). Then they are chemically modified to ensure their proper folding, recognition, and base-pairing (Helm and Attardi, 2004; Messmer et al., 2009) . Modifications of the anticodon stem, such as the hypermodified nucleoside 5-methylaminomethyl-2-thiouridylate at position 34, create the ''wobble-base'' necessary to enable the recognition of multiple codons (Agris et al., 2007) .
In addition to the canonical genes a variety of non-coding RNA species are present in mitochondria (Lung et al., 2006) . Two distinctive species of short RNAs are produced downstream of the tRNA 5 0 and 3 0 processing sites . A small control region specific polyadenylated RNA species (7S RNA) with unknown function (Ojala et al., 1981) originates from the L-strand primary transcript. Rackham et al. (2011) report three long noncoding RNAs (lncRNAs) in mouse mitochondria that appear to have a role in the regulation of mitochondrial gene expression. Regulated antisense transcripts as well as a curious inverted repeat covalently linked to the rrnL RNA were reported to distinguish normal from tumour cells in human (Burzio et al., 2009 ). The mitochondrial transcription machinery, finally, also generates the RNA primer needed for initiation of heavy strand DNA synthesis. To this end, in mammals, a G-quadruplex structure is utilised to prematurely terminate transcription from the L-strand promoter (Wanrooij et al., 2010) .
Concluding remarks
Since the characterisation of the human mitochondrial genome in 1981 further genome sequencing led to the fall of several dogmas concerning the uniformity of animal mitochondrial genomes. At present the large set of observations is consistent with the idea that marked gene loss and mtDNA compaction occurred during the emergence of multi cellular animals, but the pronounced compaction was not coincident with the origin of the Metazoa. The best living surrogate for the ancestral metazoan mitochondrial genome is the placozoan genomes, which combine both, characteristics from protozoans and metazoans. An evolutionary speciality is found in derived cnidarians, which have linearised their mitochondrial genomes. All bilaterian mitochondrial genomes are widely conserved with respect to size, gene structure and content. Particularly here the study of differences in gene arrangement and genetic codes provides a large, not yet fully explored repertoire of phylogenetic markers. Although mitochondrial genomes in diploblastic and triploblastic animals have taken different routes and likely evolved in parallel, their source as a rich repertoire of informative phylogenetic markers applies to both lineages.
